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Abstract
High-potential iron-sulfur protein (HiPIP) is a soluble electron carrier protein of photosyn-
thetic bacteria with an Fe4S4 cluster. Although structural changes accompanying the elec-
tron transfer are important for understanding of the functional mechanism, the changes
have not been clarified in sufficient detail. We previously reported the high-resolution crystal
structures of HiPIP from a thermophilic purple bacterium Thermochromatium tepidum in the
reduced state. In order to perform a detailed comparison between the structures in different
redox states, the oxidized structure should also be revealed at high resolution. Therefore, in
the present study we performed a crystallographic analysis of oxidized HiPIP and a struc-
tural comparison with the reduced form at a high resolution of 0.8 Å. The comparison
highlighted small but significant contraction in the iron-sulfur cluster. The changes in Fe-S
bond lengths were similar to that predicted by theoretical calculation, although some dis-
crepancies were also found. Almost distances between the sulfur atoms of the iron-sulfur
cluster and the protein environment are elongated upon the oxidation. Positional changes of
hydrogen atoms in the protein environment, such as on the amide-hydrogen of Cys75 in the
proximity of the iron-sulfur cluster, were also observed in the accurate analyses. None of the
water molecules exhibited significant changes in position or anisotropy of atomic displace-
ment parameter between the two states, while the orientations of some water molecules
were different.
Introduction
High-potential iron-sulfur protein (HiPIP) is a small (~10 kDa) soluble protein functioning as
an electron carrier in photosynthetic Gram-negative bacteria [1,2]. HiPIP supplies an electron
from the cytochrome bc1 complex to the photosynthetic reaction center (RC) in order to re-
reduce a special pair of chlorophyll molecules in the RC. The protein possesses one Fe4S4 clus-
ter at the molecular center. The cluster changes its redox state between [Fe4S4]
2+ and [Fe4S4]
3+
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[3,4]. The redox midpoint potential is approximately +300 mV, and therefore the reduced
form is the resting state, and is stable even under normal atmospheric conditions. In previous
studies, several HiPIP homologues in the reduced state have been determined by X-ray crystal-
lography [5–10]. The crystal structures of HiPIP from a mesophilic purple bacterium Allochro-
matium vinosum were solved both in the reduced and oxidized states at 2.0 and 1.2 Å
resolutions, respectively [11,12]. In addition, the redox changes were investigated with the
nuclear magnetic resonance (NMR) spectroscopy [13]. However, the changes of the bond
lengths in the cluster were as small as the uncertainties of the analyses in these studies. Even
more unfortunately, the coordinates and structural factors for the oxidized HiPIP are not avail-
able in the Protein Data Bank (www.pdb.org/pdb).
Details of structural changes involved in the redox reaction are indispensable for investiga-
tion of the functional mechanism of HiPIP, and thus the measurement and analysis should be
performed carefully. We have performed high-resolution crystallographic investigations of
HiPIP from a thermophilic purple bacterium Thermochromatium tepidum [14–17]. In addi-
tion, we recently succeeded in performing a charge-density analysis of HiPIP in the reduced
state at 0.48 Å resolution [18]. In order to reveal detailed structural differences between the
reduced and oxidized states, a high-resolution determination of the structure in the oxidized
HiPIP is indispensable.
Here, we report the preparation and X-ray crystallographic analysis of the oxidized HiPIP
at 0.8 Å resolution. The comparison between oxidized and reduced structures highlighted
small but significant changes on bond lengths in the iron-sulfur cluster, distances between the
iron-sulfur cluster and the protein environment, and the orientations of some bound waters.
Our results provide unprecedented details of the structural changes between the redox reaction
and the reduced state.
Materials and methods
Purification
HiPIP was extracted from cells of T. tepidum and purified as reported previously [14,17].
Oxidation of HiPIP was done by adding of 10 mM K3[Fe(CN)6] just before use, because the
purified sample was in the reduced state. The reagent was removed by size exclusion chroma-
tography with a Superdex G-75 column (GE Healthcare). The sample in the reduced state was
prepared by adding 10 mM dithiothreitol (DTT) in order to suppress by oxidation with O2
during storage for a few days at 277 K. DTT was removed by size exclusion chromatography in
the same way just before use.
Spectroscopic measurements
The UV-visible spectra of the samples (1.0 mgmL-1) without redox reagents were measured
in 20 mM Tris-HCl buffer (pH 7.3) with a V-630 spectrometer (JASCO) in a range from
250 to 700 nm at a room temperature of ~298 K. In order to investigate the redox changes
of the samples under various conditions, 100 μL solutions of oxidized HiPIP in 100 mM
sodium citrate (pH 4.5) or in 1.0 M ammonium sulfate, 100 mM sodium citrate (pH 4.5)
and 2 mM K3[Fe(CN)6] were incubated in 0.5 mL microtubes at 298 K, and sampled for 60
days. Absorption spectra were measured using an ND-1000 spectrometer (NanoDrop Tech-
nologies, Inc.) in a range from 220 to 750 nm at a room temperature of ~298 K. The spectra
for the reduced HiPIP in 100 mM sodium citrate (pH 4.5) were also measured in the same
way.
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Crystallographic methods
Crystallization experiments were performed manually by the hanging drop vapor diffusion
method at 293 K using COMBOPLATE™ 24 WELL (Greiner). 1.5 μL of the protein solution
(20 mgmL-1) was mixed with 1.5 μL of a reservoir solution containing 1.5–1.6 M ammonium
sulfate and 100 mM sodium citrate (pH 4.5) with or without 10 mM K3[Fe(CN)6] for the oxi-
dized or reduced state of HiPIP. The drops were equilibrated against 500 μL of a reservoir solu-
tion and crystals grew in 2 weeks.
Diffraction experiments were performed at the beamline BL41XU of SPring-8 (Harima,
Japan) (Table 1). A crystal with approximate dimensions of 1.0×0.2×0.1 mm3 was picked up
with a nylon loop and cryo-cooled with a helium gas flow at 40 K, after soaking in a cryo-solu-
tion additionally containing 25% (v/v) glycerol. The root of the nylon loop was reinforced by
glue in order to suppress flapping by the gas flow. The wavelength of incident X-rays was 0.40
Å and the beam size was set to 30 × 30 μm2. An aluminum attenuator (8.0 mm in thickness)
was used to reduce X-rays to 2.9×1010 photonssec-1, which is ~1/10 of the initial flux (3.0×1011
photonssec-1). The data sets were collected using an MX225HE CCD detector (Rayonix). The
crystal-to-detector distance was set to 250 mm. 360 frames of diffraction images were collected
for each data set with an oscillation range of 0.5˚ and an exposure time of 0.5 sec per frame.
Even strong diffractions at low resolutions were not saturated under these measurement con-
ditions. Diffraction images were integrated with the XDS program [19] and merged with the
SCALA program [20]. The absorption dose was estimated with the RADDOSE program [21].
Table 1. Data collection and crystallographic statistics.
Data set Oxidized HiPIP Reduced HiPIP
Data collection
Wavelength (Å) 0.40 0.40
Temperature (K) 40 40
Oscillation range (˚ frame-1) 0.5 0.5
No. of total frames 360 360
Dose per frame (Gy) 2.0×103 2.0×103
Total dose (Gy) 7.3×105 7.3×105
Crystallographic data
Space group P212121 P212121
Cell parameters a (Å) 46.336 46.330
b (Å) 58.813 58.811
c (Å) 23.438 23.423
Resolution range (Å) 15–0.8
(0.84–0.80)
15–0.8
(0.84–0.80)
No. of reflections (total/unique) 399,279/65,319 399,394/64,920
Redundancy 6.1 (2.9) 6.2 (3.0)
Completeness (%) 95.3 (74.7) 95.2 (75.2)
I/σ(I) 9.2 (1.7) 8.7 (1.8)
Wilson B (Å2) 2.9 3.3
Rsyma (%) 11.3 (53.3) 11.5 (49.3)
Rp.i.m.b (%) 5.3 (39.4) 5.4 (39.4)
CC1/2 (%) 99.7 (71.0) 99.6 (71.8)
Risoc (%) 15.9 (53.3) -
Values in parentheses refer to the highest resolution shell.
a Rsym = ΣhklΣi| Ihkl,i−<Ihkl>|/ΣhklΣi Ihkl,i.
b Rp.i.m. = Σhkl [1/(nhkl-1)]1/2Σi| Ihkl,i−<Ihkl>|/ΣhklΣi Ihkl,i. Bijvoet pairs of the data were kept separate but were
scaled simultaneously, and Rsym and Rp.i.m. values were calculated with the merged Bijvoet pairs.
c Riso = Σhkl|IhklOx−IhklRed|/ΣhklIhkl,iRed.
https://doi.org/10.1371/journal.pone.0178183.t001
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The oxidized structure was solved by the molecular replacement method with the CNS pro-
gram [22] using the structure of HiPIP in the reduced state at 100 K (PDB-ID: 3A39 [17]) as
an initial model. One HiPIP molecule is contained in the crystallographic asymmetric unit.
The initial refinements with isotropic atomic displacement parameters (ADPs) were carried
out using the CNS program up to 1.2 Å resolution. The structure was monitored and corrected
with the COOT program [23] according to the 2Fobs-Fcalc and Fobs-Fcalc maps. Further refine-
ments were performed with the SHELXL program [24] with anisotropic ADPs. Restraints on
bond lengths and angles were removed for all single conformation residues. Positions of
hydrogen atoms were refined as a riding model, while those for some hydrogen atoms that
were largely out of the electron density region were manually corrected. The bulk solvent cor-
rection was applied with the SWAT option. The Rwork and Rfree factors in the resolution range
from 15 Å to 0.8 Å were 11.6% and 12.9%, respectively. The structure for the reduced HiPIP at
40 K was also determined in the same way. Refinement statistics for both states are listed in
Table 2. The anisotropy, which is the ratio of the smallest to the largest eigenvalue of the
ADPs, was calculated with the PARVATI program [25] in order to compare difference in the
thermal fluctuation in detail. The refined structures were validated with the MolProbity pro-
gram [26]. Figures for molecular models were prepared using the PyMol program [27]. The
coordinates and structural factors for the oxidized and reduced crystals have been deposited in
the Protein Data Bank under accession numbers 5WQQ and 5WQR, respectively.
Table 2. Refinement statistics.
Data set Oxidized Reduced
Resolution range (Å) 15–0.8 15–0.8
Rworka / Rfreeb (%) 11.6/12.9 10.6/11.8
No. of non-hydrogen atoms
Protein 695 680
Fe-S cluster 8 8
Sulfate/Glycerol 35/18 35/18
Water oxygen 160 149
No. of hydrogen atoms
Hydrogen of the protein 673 651
Hydrogen of waters 34 31
Average temperature factor (Å2) 5.0 6.0
Protein 3.8 4.3
Fe-S cluster 1.9 2.0
Sulfate/Glycerol 10.4 10.4
Water 14.7 13.5
Mean anisotropyc
Protein 0.40 0.45
Fe-S cluster 0.60 0.69
Sulfate/Glycerol 0.21 0.26
Water 0.29 0.30
Multi-conformational residues 13 11
Ramachandran plotd (%) 98.9/1.1/0 97.8/2.2/0
a Rwork = Σhkl||Fobs|−|Fcalc||/Σhkl|Fobs|.
b Rfree was calculated by using the 5% of the reflections that were not included in the refinement as a test set.
During the refinement, Bijvoet pairs were treated as different reflections.
c Anisotropy is defined as the ratio of the smallest to the largest eigenvalue of the anisotropic displacement
parameter matrix.
d Favored/Allowed/Outliers.
https://doi.org/10.1371/journal.pone.0178183.t002
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Results and discussion
Verification of the redox states
The oxidized form of HiPIP was prepared by treatment with the oxidizing agent K3[Fe(CN)6].
The UV-visible spectra indicate that the A280/A380 for the oxidized form was 2.1, while that for
the reduced form was 2.5 (Fig 1A). The value for the oxidized form was changed during long
incubation at room temperature (Fig 1B). On the other hand, the reduced form exhibited only
small spectral changes in which one-seventh of the reduced HiPIP is oxidized during incuba-
tion for two months, despite the absence of reducing agent. The change of the oxidized form
could be prevented by the addition of ammonium sulfate and K3[Fe(CN)6], which were used
in the crystallization solution. These observations indicate that the preparation was successful
and that the oxidized state of HiPIP can be retained during the crystallization process.
Crystallographic data analysis
Structural changes come from oxidation can be restricted or altered by crystal packing, if the
reduced HiPIP is oxidized in the crystal. Therefore, crystals of the oxidized state were pro-
duced from the oxidized HiPIP in the solution in order to elucidate the true structural differ-
ences accompanying the redox changes. Crystals of the oxidized form were obtained under
conditions almost identical to those used for the reduced form. The crystals had a plate-like
shape with the typical maximum length of around 0.5–1.0 mm (Fig 2A). The crystals were col-
ored almost black because of the high optical density. The color for small and thin crystals was
slightly different from that for the reduced form (Fig 2B and 2C). Crystals with dimensions of
~1.0×0.2×0.1 mm3 were used for the data collections. The maximum dose for the data sets was
estimated to be 7×105 Gy, which was two orders of magnitude smaller than the recommended
dose limits (2−3×107 Gy) [28,29]. In addition, diffraction data sets were collected at 40 K with
a helium stream. It has been reported that the photoreduction of metalloproteins can be inhib-
ited significantly at 10–40 K [30,31]. Therefore, we considered that the damage was sufficiently
negligible for elucidation of the redox-coupled structural changes. Although the space group
Fig 1. Redox changes of HiPIP in the solution. (A) UV-visible spectra for the oxidized and reduced states are indicated as orange and
green lines, respectively. In addition, the spectrum for the non-treated sample is indicated as a gray line, while it is overlapped with the green
line. The spectra were scaled by fitting to the absorbance at 280 nm. (B) Changes in the ratio A280/A380 as a function of incubation time.
Green circles: reduced HiPIP in 100 mM sodium citrate (pH 4.5); orange filled circles: oxidized HiPIP in 100 mM sodium citrate (pH 4.5);
orange circles: oxidized HiPIP in 1.0 M ammonium sulfate, 100 mM sodium citrate (pH 4.5) and 2 mM K3[Fe(CN)6].
https://doi.org/10.1371/journal.pone.0178183.g001
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and cell constants are identical to those for the reduced HiPIP crystals, the diffraction data
show a relatively low isomorphism with the Riso value of ~16% (Table 1). These crystallo-
graphic properties imply that small but significant changes occur at the central iron-sulfur
cluster in which atomic scattering factors for iron atoms are much larger than those for atoms
comprising the environmental peptide portion.
The electron densities for atoms in the Fe4S4 cluster are completely separate from each
other (Fig 3A). In addition, hydrogen atoms are clearly observed in the omit map for almost
all side chains in addition to the main chain (Fig 3B and 3C). The refined structure of the oxi-
dized HiPIP contains all 83 residues, one Fe4S4 cluster, three glycerols, five sulfate ions and
160 water molecules (Table 2). Multiple (double) conformations were observed for 13 residues.
The model contains hydrogen atoms of all residues with the exceptions of some side chain
atoms with multi-conformations. 34 hydrogen atoms of water molecules were also included in
the refinement calculations. The five sulfate ions are observed in the vicinity of the positively
charged residues. No ferricyanide ions are observed in the electron density map.
Fig 2. Crystals of HiPIP. (A) Photograph of crystals for oxidized HiPIP. The scale bars indicate 0.1 mm. (B) Small and thin crystals of
oxidized HiPIP are shown in order to distinguish crystal colors of oxidized HiPIP from those of reduced HiPIP in panel c. (C) Photograph of
small and thin crystals of reduced HiPIP.
https://doi.org/10.1371/journal.pone.0178183.g002
Fig 3. Electron density maps of HiPIP in the oxidized state at 0.8Å resolution. (A) The electron density
map around the iron-sulfur cluster of the oxidized HiPIP at 0.8 Å resolution. The hydrogen omit Fobs−Fcalc map
is shown in cyan surface at a contour level of 3σ. The 2Fobs−Fcalc map is shown at contour levels of 5σ (gray
mesh), 25σ (orange mesh) and 45σ (magenta surface). (B) The electron density map around Trp74. (C) The
electron density map around Arg28.
https://doi.org/10.1371/journal.pone.0178183.g003
Structure of HiPIP in the oxidized state
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Structural comparison with the reduced form
No apparent conformational changes between the oxidized and reduced states are detected in
the superimposition of the oxidized and reduced structures (Fig 4A). Differences are observed
only in multi-conformational residues at the loop region (Fig 4B). This indicates that the dif-
ferences are not intrinsic due to low accuracies of coordinates. The average root mean square
deviations (rmsd) for all the polypeptide atoms and for the main chain atoms are 0.448 and
0.039 Å, respectively. The rmsd value for the iron-sulfur cluster alone is 0.020 Å. This value is
Fig 4. Crystal structures of HiPIP at 0.8Å. (A) Differences between the reduced and oxidized forms. The
structures in the oxidized and reduced states are superimposed and represented in orange and green,
respectively. Hydrogen atoms are omitted from the figure for clarity. (B) Multi-conformational residues in the
oxidized and reduced states are represented as orange and green sticks, respectively. Depth of colors
reflects the occupancy of each conformation at the residue. Single-conformational residues and the iron-sulfur
cluster are represented as gray tubes and sticks, respectively.
https://doi.org/10.1371/journal.pone.0178183.g004
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significantly larger than the uncertainty of the refinement calculations of 0.003 Å, as estimated
by full-matrix least-square refinement (Table 3). Therefore, our results indicated that the two
forms actually had slightly different bond lengths at the Fe4S4 cluster. The Fe4S4 cluster consists
of two Fe2S2 subclusters, Fe1-S4-Fe2-S3 and Fe3-S1-Fe4-S2 [32]. The intra-subcluster bond
lengths are decreased by the oxidation, while inter-subcluster bond lengths are not (Fig 5A).
The largest changes are observed in the Fe−S bonds around Fe1 and Fe2. In addition, the bond
lengths of Fe- (Cys-Sγ) for all Fe atoms are also decreased by the oxidation. The almost identi-
cal redox-related structural changes are observed for the comparison to the reduced structure
at 0.48 Å, which were refined with the multipolar atomic model [18]. The previous X-ray crys-
tallographic analysis of HiPIP from A. vinosum shows a significantly different magnitude of
changes, especially for the expanding Fe3–S4 and Fe4–S3 bonds (Fig 5B) [12]. However, the
Table 3. Bond length for the Fe4S4(Cys-Sγ)4 cluster.
Oxidized Reduced
FE1-S2 2.215(2) 2.219(2)
FE1-S4 2.269(2) 2.298(2)
FE1-S3 2.297(3) 2.315(2)
FE2-S1 2.208(2) 2.211(2)
FE2-S3 2.277(2) 2.299(2)
FE2-S4 2.286(3) 2.310(3)
FE3-S4 2.249(2) 2.240(2)
FE3-S2 2.296(3) 2.308(2)
FE3-S1 2.288(3) 2.306(3)
FE4-S3 2.270(2) 2.262(2)
FE4-S1 2.271(2) 2.291(2)
FE4-S2 2.283(3) 2.297(2)
FE1-(Cys43-Sγ) 2.207(2) 2.243(2)
FE2-(Cys46-Sγ) 2.237(3) 2.263(2)
FE3-(Cys61-Sγ) 2.221(3) 2.252(2)
FE4-(Cys75-Sγ) 2.234(2) 2.265(2)
Values in parentheses are estimated standard deviations of the full-matrix least-square refinement.
https://doi.org/10.1371/journal.pone.0178183.t003
Fig 5. Differences on the respective bonds of the iron sulfur cluster. Bond sticks are colored in red (positive) or blue (negative) according to
the difference values in the bond distance, (dOx—dRed)/dRed. (A) Values are from X-ray analyses of HiPIP from T. tepidum (this work). (B) X-ray
analyses of HiPIP from A. vinosum [12]. Fe-(Cys-Sγ) distances are the averaged value of four bonds. (C) Theoretical calculations for
[Fe4S4(SCH3)4] [33].
https://doi.org/10.1371/journal.pone.0178183.g005
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changes in HiPIP from T. tepidum are similar to that predicted by theoretical calculation for a
model compound [33] (Fig 5C). Our results for the difference in the Fe-S lengths implies that
the subcluster composed of Fe1, Fe2, S3, and S4 is important for storing electronic charges in
HiPIP. This implication is consistent with the previous results such as charge-density analysis
[18] and X-ray absorption spectroscopic analysis [32]. In addition, most distances between the
sulfur atoms of the iron-sulfur cluster and the protein environment are elongated upon the
oxidation (Table 4). This indicates that the structure of the peptide portion does not follow the
contraction of the iron-sulfur cluster.
Although electron densities for the hydrogen atoms were observed in the hydrogen
omit map, the almost all of the positions were only refined as riding atoms. Therefore, the
Table 4. Distance between S atoms of the cluster and the peptide portion.
Oxidized Reduced
(Tyr19-Cδ1)-S2 3.673(7) 3.662(7)
(Phe48-N)-(Cys46-Sγ) 3.494(6) 3.448(5)
(Phe48-Cδ2)-S1 3.830(9) 3.812(8)
(Leu63-N)-(Cys61-Sγ) 3.464(6) 3.447(5)
(Leu63-Cδ1)-S1 3.556(8) 3.544(7)
(Phe64-Cδ2)-(Cys61-Sγ) 3.738(8) 3.708(7)
(Phe64-Cε2)-S2 4.028(8) 3.988(7)
(Ile69-Cγ2)-S2 3.938(8) 3.913(7)
(Asn70-O)-(Cys43-Sγ) 3.310(5) 3.351(5)
(Cys75-N)-S3 3.419(6) 3.398(6)
(Ser77-N)-(Cys75-Sγ) 3.435(6) 3.380(6)
(Trp78-Cδ1)-S3 3.813(7) 3.776(6)
(Thr79-N)-(Cys46-Sγ) 3.572(6) 3.523(6)
Values in parentheses are estimated standard deviations of the full-matrix least-square refinement.
https://doi.org/10.1371/journal.pone.0178183.t004
Fig 6. Positional changes of the amide-hydrogen atom of Cys75 on the redox change. (A) The hydrogen omit
Fobs−Fcalc map for the oxidized state is shown as an orange mesh at a contour level of 4σ. The value without parentheses
is the bond length between amide-H of Cys75 and S3, while that with parentheses is the bond length for the C-N bond. (B)
The hydrogen omit Fobs-Fcalc map for the reduced state is shown as a green mesh at a contour level of 4σ.
https://doi.org/10.1371/journal.pone.0178183.g006
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positions can not be compared accurately. However, some hydrogen atoms show significant
differences between the two states. The amide-H of Cys75, which interacts with the S3
atom of the iron-sulfur cluster, is located outside the normal position in the oxidized
state, but not in the reduced state (Fig 6). The hydrogen-bonding distances between the
amide-H and S3 in the oxidized and reduced states are 3.056 Å and 2.674 Å, respectively.
Moreover, a significant difference of ~0.02 Å between the two states is observed for the
lengths of the peptide bond between Trp74 and Cys75 (Fig 6). This may have been linked
to the planarity of the peptide bond, which defines the delocalization degree of the valence
electrons [34].
Many water molecules are observed on the molecular surface of HiPIP, while the putative
interaction side with RC around Phe48 binds no waters due to covering by a neighbor mole-
cule in the crystal packing (Fig 7A). None of the water molecules exhibit significant changes in
position or anisotropy of ADP between the two states (Fig 7A and 7B). This may be due to the
small structural changes even on the protein surface. Small structural changes for both the cen-
tral cluster and molecular surface imply that the reorganization energy of HiPIP at the redox
change is very low. This interpretation is consistent with the theoretical calculation for model
iron-sulfur clusters [35]. However, the orientations of some water molecules were different
(Fig 7C and 7D). The orientations may reflect the direction of the electric field on the protein
surface, which are mainly generated from charges of the iron-sulfur cluster. Therefore, we can
presume that the redox changes at the central cluster bring the difference of the electrostatic
potential to the molecular surface of the interaction site with RC.
Conclusions
We established a procedure for preparing the high quality crystals of the HiPIP in an oxidized
state, and performed a detailed structural determination at 0.8 Å resolution. However, the dif-
ferences in atomic positions between the oxidized and reduced HiPIP are smaller than previ-
ous results with X-ray crystallography and NMR spectroscopy for HiPIP from A. vinosum,
while HiPIP from the bacterium shows a high sequence homology (~90%) with HiPIP from T.
tepidum. More detailed investigations focused on the distributions of the valence electrons and
atomic charges around the iron-sulfur cluster will be crucial to reveal the electronic structural
changes of the protein. Our preparation method will allow further crystallographic analyses to
resolve these questions.
Fig 7. Water molecules on the surface of HiPIP. (A) Oxygen atoms of waters for the oxidized and reduced HiPIP are colored in orange
and green, respectively. HiPIP is represented as a transparent surface model. The side chain of Phe48 on the putative electron-transfer
pathway [36] is colored in blue. (B) The backside surface. (C) A water cluster on the surface of HiPIP in the oxidized state. The hydrogen
omit Fobs-Fcalc map is shown in orange surface at a contour level of 3σ. The 2Fobs-Fcalc map is shown in gray surface at contour levels of 2σ.
(D) The same water cluster in the reduced state. The hydrogen omit Fobs-Fcalc map is shown in green surface at a contour level of 3σ.
https://doi.org/10.1371/journal.pone.0178183.g007
Structure of HiPIP in the oxidized state
PLOS ONE | https://doi.org/10.1371/journal.pone.0178183 May 22, 2017 10 / 13
Acknowledgments
We would like to express our gratitude to Messrs. H. Jonotsuka, M. Kosugi, N. Hashimoto and
H. Maeda for assistance in the crystallization and data collection, and to Mmes. Y. Nishikawa
and E. Tsutsumi for assistance in the cultivation and purification. Thanks are also due to
beamline staff for their help in data collection at SPring-8 (Proposal Nos. 2010A1237,
2010B1284, 2015B1037 and 2016A2737 to K.T.). This work was supported by Grant-in-Aid for
Scientific Research (No. 23657073 to K.T.) and Photon and Quantum Basic Research Coordi-
nated Development Program (to K.M.) from the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan.
Author Contributions
Conceptualization: HO KT.
Funding acquisition: KT KM.
Investigation: HO SN TT YHa YHi.
Methodology: HO.
Project administration: KM.
Supervision: KT KM.
Validation: KT YHa.
Visualization: SN YHa.
Writing – original draft: HO KT.
Writing – review & editing: YHa KM.
References
1. Carter CW Jr. High potential iron sulfur proteins. In Handbook of Metalloproteins, Messerschmidt A,
Huber R, Poulos TL, Weighardt K, editors. Wiley/ New York; 2001. pp. 602–609.
2. Hochkoeppler A, Zannoni D, Ciurli S, Meyer TE, Cusanovich MA, Tollin G. Kinetics of photo-induced
electron transfer from high-potential iron-sulfur protein to the photosynthetic reaction center of the pur-
ple phototroph Rhodoferax fermentans. Proc Natl Acad Sci USA. 1996; 93: 6998–7002. PMID:
8692932
3. Carter CW Jr, Kraut J, Freer ST, Alden RA, Sieker LC, Adman E, et al. A comparison of Fe4S4 clusters
in high-potential iron protein and in ferredoxin. Proc Natl Acad Sci USA. 1972; 69: 3526–3529. PMID:
4509310
4. Zanello P. The competition between chemistry and biology in assembling iron-sulfur derivatives. Molec-
ular structures and electrochemistry. Part V. {[Fe4S4](SγCys)4} proteins. Coordin Chem Rev. 2017;
335: 172–227.
5. Breiter DR, Meyer TE, Rayment I, Holden HM. The molecular structure of the high potential iron-sulfur
protein isolated from Ectothiorhodospira halophila determined at 2.5-Å resolution. J Biol Chem. 1991;
266: 18660–18667. PMID: 1917989
6. Rayment I, Wesenberg G, Meyer TE, Cusanovich MA, Holden HM. Three-dimensional structure of the
high-potential iron-sulfur protein isolated from the purple phototrophic bacterium Rhodocyclus tenuis
determined and refined at 1.5 Å resolution. J Mol Biol. 1992; 228: 672–686. https://doi.org/10.1016/
0022-2836(92)90849-F PMID: 1453470
7. Benning MM, Meyer TE, Rayment I, Holden HM. Molecular structure of the oxidized high-potential iron-
sulfur protein isolated from Ectothiorhodospira vacuolata. Biochemistry. 1994; 33: 2476–2483. https://
doi.org/10.1021/bi00175a016 PMID: 8117708
8. Kerfeld CA, Salmeen AE, Yeates TO. Crystal structure and possible dimerization of the high-potential
iron-sulfur protein from Chromatium purpuratum. Biochemistry. 1998; 37: 13911–13917. https://doi.
org/10.1021/bi9810252 PMID: 9760225
Structure of HiPIP in the oxidized state
PLOS ONE | https://doi.org/10.1371/journal.pone.0178183 May 22, 2017 11 / 13
9. Gonzalez A, Benini S, Ciurli S. Structure of Rhodoferax fermentans high-potential iron-sulfur protein
solved by MAD. Acta Crystallogr D Biol Crystallogr. 2003; 59: 1582–1588. https://doi.org/10.1107/
S0907444903014604 PMID: 12925788
10. Stelter M, Melo AM, Hreggvidsson S, Hjorleifsdottir S, Saraiva LM, Teixeira M, et al. Structure at 1.0 Å
resolution of a high-potential iron-sulfur protein involved in the aerobic respiratory chain of Rhodother-
mus marinus. J Biol Inorg Chem. 2010; 15: 303–313. https://doi.org/10.1007/s00775-009-0603-8
PMID: 20225399
11. Carter CW Jr, Kraut J, Freer ST, Alden RA. Comparison of oxidation-reduction site geometries in oxi-
dized and reduced Chromatium high potential iron protein and oxidized Peptococcus aerogenes ferre-
doxin. J Biol Chem. 1974; 249: 6339–6346. PMID: 4417854
12. Carter CW Jr, Kraut J, Freer ST, Nguyen-Huu Xuong, Alden RA, Bartsch RG. Two-Angstrom crystal
structure of oxidized Chromatium high potential iron protein. J Biol Chem. 1974; 249: 4212–4225.
PMID: 4855287
13. Bertini I, Dikiy A, Kastrau DHW, Luchinat C, Sompornpisut P. Three-dimensional solution structure of
the oxidized high potential iron-sulfur protein from Chromatium vinosum through NMR. Comparative
analysis with the solution structure of the reduced species. Biochemistry. 1995; 34: 9851–9858. PMID:
7632685
14. Nogi T, Kobayashi M, Nozawa T, Miki K. Crystallization and preliminary crystallographic analysis of the
high-potential iron-sulfur protein from Thermochromatium tepidum. Acta Crystallogr D Biol Crystallogr.
2000; 56: 656–658. https://doi.org/10.1107/S0907444900003127 PMID: 10771441
15. Nogi T, Fathir I, Kobayashi M, Nozawa T, Miki K. Crystal structures of photosynthetic reaction center
and high-potential iron-sulfur protein from Thermochromatium tepidum: thermostability and electron
transfer. Proc Natl Acad Sci USA. 2000; 97: 13561–13566. https://doi.org/10.1073/pnas.240224997
PMID: 11095707
16. Liu L, Nogi T, Kobayashi M, Nozawa T, Miki K. Ultrahigh-resolution structure of high-potential iron-sulfur
protein from Thermochromatium tepidum. Acta Crystallogr D Biol Crystallogr. 2002; 58: 1085–1091.
https://doi.org/10.1107/S0907444902006261 PMID: 12077426
17. Takeda K, Kusumoto K, Hirano Y, Miki K. Detailed assessment of X-ray induced structural perturbation
in a crystalline state protein. J Struct Biol. 2010; 169: 135–144. https://doi.org/10.1016/j.jsb.2009.09.
012 PMID: 19782139
18. Hirano Y, Takeda K, Miki K. Charge-density analysis of an iron-sulfur protein at an ultra-high resolution
of 0.48 Å. Nature. 2016; 534: 281–284. https://doi.org/10.1038/nature18001 PMID: 27279229
19. Kabsch W. XDS. Acta Crystallogr D Biol Crystallogr. 2010; 66: 125–132. https://doi.org/10.1107/
S0907444909047337 PMID: 20124692
20. Evans P. Scaling and assessment of data quality. Acta Crystallogr D Biol Crystallogr. 2006; 62: 72–82.
https://doi.org/10.1107/S0907444905036693 PMID: 16369096
21. Murray J, Garman E, Ravelli R. X-ray absorption by macromolecular crystals: the effects of wavelength
and crystal composition on absorbed dose. J. Appl. Cryst. 2004; 37: 513–522. https://doi.org/10.1107/
S0021889804010660
22. Bru¨nger AT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-Kunstleve RW, et al. Crystallography
& NMR system: A new software suite for macromolecular structure determination. Acta Crystallogr D
Biol Crystallogr. 1998; 54: 905–921. https://doi.org/10.1107/S0907444998003254 PMID: 9757107
23. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D
Biol Crystallogr. 2010; 66: 486–501. https://doi.org/10.1107/S0907444910007493 PMID: 20383002
24. Sheldrick GM, Schneider TR. SHELXL: high-resolution refinement. Methods Enzymol. 1997; 277:
319–343. https://doi.org/10.1016/S0076-6879(97)77018-6 PMID: 18488315
25. Merritt EA. Expanding the model: anisotropic displacement parameters in protein structure refinement.
Acta Crystallogr D Biol Crystallogr. 1999; 55: 1109–1117. https://doi.org/10.1107/
S0907444999003789 PMID: 10329772
26. Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: all-
atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr. 2010;
66: 12–21. https://doi.org/10.1107/S0907444909042073 PMID: 20057044
27. The PyMOL Molecular Graphics System, Version 1.5, Schro¨dinger, LLC.
28. Henderson R. Cryo-Protection of Protein Crystals against Radiation Damage in Electron and X-Ray Dif-
fraction. Proc Biol Sci. 1990; 241: 6–8. https://doi.org/10.1098/rspb.1990.0057
29. Owen RL, Rudino-Pinera E, Garman EF. Experimental determination of the radiation dose limit for cryo-
cooled protein crystals. Proc Natl Acad Sci USA. 2006; 103: 4912–4917. https://doi.org/10.1073/pnas.
0600973103 PMID: 16549763
Structure of HiPIP in the oxidized state
PLOS ONE | https://doi.org/10.1371/journal.pone.0178183 May 22, 2017 12 / 13
30. Yano J, Kern J, Irrgang KD, Latimer MJ, Bergmann U, Glatzel P, et al. X-ray damage to the Mn4Ca com-
plex in single crystals of photosystem II: a case study for metalloprotein crystallography. Proc Natl Acad
Sci USA. 2005; 102: 12047–12052. https://doi.org/10.1073/pnas.0505207102 PMID: 16103362
31. Corbett MC, Latimer MJ, Poulos TL, Sevrioukova IF, Hodgson KO, Hedman B. Photoreduction of the
active site of the metalloprotein putidaredoxin by synchrotron radiation. Acta Crystallogr D Biol Crystal-
logr. 2007; 63: 951–960. https://doi.org/10.1107/S0907444907035160 PMID: 17704563
32. Dey A, Roche CL, Walters MA, Hodgson KO, Hedman B, Solomon EI. Sulfur K-edge XAS and DFT cal-
culations on [Fe4S4]2+ clusters: effects of H-bonding and structural distortion on covalency and spin
topology. Inorg Chem. 2005; 44: 8349–8354. https://doi.org/10.1021/ic050981m PMID: 16270973
33. Torres RA, Lovell T, Noodleman L, Case DA. Density functional and reduction potential calculations of
Fe4S4 clusters. J Am Chem Soc. 2003; 125: 1923–1936. https://doi.org/10.1021/ja0211104 PMID:
12580620
34. Improta R, Vitagliano L, Esposito L. Peptide bond distortions from planarity: new insights from quantum
mechanical calculations and peptide/protein crystal structures. PLoS One. 2011; 6: e24533. https://doi.
org/10.1371/journal.pone.0024533 PMID: 21949726
35. Sigfridsson E, Olsson MHM, Ryde U. Inner-sphere reorganization energy of iron-sulfur clusters studied
with theoretical methods. Inorg. Chem. 2001; 40: 2509–2519. https://doi.org/10.1021/ic000752u PMID:
11350228
36. Venturoli G, Mamedov MD, Mansy SS, Musiani F, Strocchi M, Francia F, et al. Electron transfer from
HiPIP to the photooxidized tetraheme cytochrome subunit of Allochromatium vinosum reaction center:
new insights from site-directed mutagenesis and computational studies. Biochemistry 2004; 43: 437–
445. https://doi.org/10.1021/bi035384v PMID: 14717598
Structure of HiPIP in the oxidized state
PLOS ONE | https://doi.org/10.1371/journal.pone.0178183 May 22, 2017 13 / 13
